The effects of fermentation time and distillation cuts on the composition of distillates in terms of ethanal, 1,1-diethoxyethane, methanol, 1-butanol, 2-butanol, 1-propanol, 2-methyl-1-propanol, 2-methyl-1-butanol, 3-methyl-1-butanol, ethyl acetate, ethyl 2-hydroxypropanoate, 3-methylbutyl acetate, hexyl acetate, 2-phenylethyl acetate, hexanol, trans-2-hexenol, trans-3-hexenol, cis-3-hexenol, 2-phenylethanol, ethyl butyrate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, ethyl dodecanoate, 2-methylpropanoic acid, 3-methylbutanoic acid, hexanoic acid, octanoic acid, decanoic acid, and dodecanoic acid were assessed through data generated according to a factorial design using analysis of variance and principal component analysis. Four times of storage of pomace obtained following winemaking of two grape varieties of white Verde wine (Alvarinho and Loureiro) and three distillation cuts were considered; volatile compounds in the 24 samples generated were analyzed directly, and indirectly after extraction and concentration, by capillary gas chromatography. The results generated have suggested clear differences (P~0.05) between distillate cuts obtained throughout fermentation times for each grape variety. The major differences between the different distillate fractions analyzed were accounted for by the contents of diethyl butanoate, ethyl 2-hydroxypropanoate, and the sum of 3-methylbutanoic and 2-methylpropanoic acids for Loureiro, whereas the main differences were accounted for by the contents of diethyl butanoate and the sum of the carboxylic acids for Alvarinho.
Introduction
Bagaceiras are a unique class of spirits, produced from the distillation of grape pomace, which are rather flavorful. After having pressed the grapes in the winemaking process, the grape pomace is, in Mediterranean countries, often stored under sealed conditions for a given period of time in order to promote spontaneous anaerobic fermentation of residual sugars. The various volatile organic components thus formed are then recovered by steam distillation, or by distillation after having added water, in stills made of copper [1] . Silva and Malcata [2] have empirically assessed the effects of adding tartaric acid, adding pectinases, using containers built of different materials, and allowing fermentation to occur for different periods; the time of fermentation accounted for the most important statistical effect, and such realization provided an impetus for this paper as an attempt to further characterize the effect of this variable on the chemical composition of bagaceiras, especially with respect to compounds whose levels have legal implications in terms of public trade.
When batch distillation is selected, as is often the case, two sequential cuts of distillate are consistently and deliberately made, viz. a first cut to separate the head products from the heart products, and a second cut to separate the heart products from the tail products; since only the heart products have commercial value, the head and tail products are eventually subject to a separate distillation for non-food purposes. The head fraction, or the first fraction of condensate (also termed cabeças), is very rich in methanol; the heart fraction, or the second fraction of condensate (also termed coração), is a complex mixture of volatiles, most of which contribute organoleptic keynotes; the tail fraction, or the last fraction of condensate (also termed caudas), is rich in less volatile compounds [3] [4] [5] [6] . The definition of the times when the distillation cuts are to be made is, however, still done in an empirical fashion, based only on the winemaker's experience and on the bulk concentration of alcohols as assessed by densitometry; the cut between head and heart products is typically made between 70% and 80% (v/v) ethanol whereas the cut between heart and tail products is typically made between 35% and 50% (v/v) ethanol.
Awareness of the major organoleptic differences between the three distillation fractions has also provided a motivation for this study in attempts to determine whether statistically significant differences exist between the chemical composition of the different fractions of distillates obtained after fermentation of grape pomace from two different grape varieties of Verde white wine.
Materials and methods

Pomace substrate
Grapes of the Alvarinho variety were obtained from Adega Cooperativa de Monção (Monção, Portugal), whereas grapes of the Loureiro variety were obtained from Direcção Regional de Agricultura de Entre-Douro e Minho (Vairão, Portugal); both grape varieties were independently used to manufacture Verde white wine. Appropriate plastic containers were then filled with 150 kg of grape pomace left after winemaking, duly sealed to ensure anaerobic aconditions, and maintained at room temperature (ca. 20 7C) for periods of up to 12 weeks.
Distillation
After anaerobic storage for 3, 6, 9, and 12 weeks, the full load of each aforementioned container was steam distilled in copper batch stills to produce ca. 7.5 l of spirits. Distillation products were collected as three fractions: cabeças (overall volume, V, equal to 2 l), coração (Vp3.5 l), and caudas (Vp2 l); these fractions correspond to levels of total alcohols of ca. 90% (v/v), 60% (v/v), and 30% (v/v) respectively. Distillates were collected in amber bottles, stoppered, and stored at 4 7C before analysis.
Chemical analyses
Chemicals. Standards (chromatographic grade) of alcohols (methanol, 2-butanol, 1-propanol, 2-methyl-1-propanol, 1-propenol, 1-butanol, 2-methyl-1-butanol, 3-methyl-1-butanol, hexanol, trans-3-hexenol, cis-3-hexenol, trans-2-hexenol, 2-phenylethanol, 3-octanol and 4-methyl-2-pentanol) and esters (ethyl acetate, ethyl butyrate, 2-methylbutyl acetate, ethyl hexanoate, hexyl acetate, ethyl 2-hydroxypropanoate, ethyl octanoate, ethyl decanoate, diethyl butanoate, 2-phenylethyl acetate, and ethyl dodecanoate) were purchased from Merck (Schuchardt, Switzerland). Standards of carboxylic acids (2-methylpropanoic, 3-methylbutanoic, hexanoic, heptanoic, octanoic, decanoic, and dodecanoic acids), 1,1-diethoxyethane, and ethanal were purchased from Sigma (St. Louis, Mo., USA). Diethyl ether, hexane, and sulfuric acid were obtained from Merck.
Chromatographic assays. For assays of alcohols, 1,1-diethoxyethane, ethyl acetate, and ethanal (which are present at relatively high concentrations), a sample of 5 ml of every distillate fraction was mixed with 50 ml of an internal standard solution of 50 mg/l of 4-methyl-2-pentanol in ethanol [7] . The injector of the chromatograph (Perkin Elmer, Norwalk, Pa., USA) was maintained at 200 7C and operated under split mode. Elution was achieved in a 50 m!0.25 mm!0.2 mm capillary column (CPWAX 57CB; Chrompack, The Netherlands). The oven temperature program was as follows: 40 7C for 5 min, a linear ramp from 40 7C to 200 7C at 3 7C/min, and 200 7C for 20 min. Detection was by flame ionization (FID) at a temperature of 200 7C. Helium was used as the carrier gas at a split ratio of 1 : 60.
For assays of esters and fatty acids (which are present at relatively low concentrations), a sample of 10 ml of every distillate fraction was mixed with 40 ml of deionized water in order to lower the total alcohol content below 10% (v/v), and the resultant solution was mixed with 2 ml of an internal standard solution of 40 mg/l of 3-octanol in ethanol and 2 ml of an internal standard solution of 90 mg/l of heptanoic acid in ethanol. The pH was adjusted to 2.0 using a few drops of concentrated sulfuric acid. The mixture was extracted for 5 min with 4 ml of a 50% (v/v) mixture of diethyl ether and hexane, and this procedure was repeated twice with 2 ml of the same solvent [8] . The injector of the chromatograph was maintained at 250 7C and operated under splitless mode. Elution was achieved in a 25 m!0.32 mm!0.3 mm capillary column (FFAP CB-Wcot fused silica; Chrompack). The oven temperature program was as follows: 40 7C for 5 min, a linear ramp from 40 to 220 7C at 3 7C/min, and 220 7C for 20 min. Detection was by flame ionization at a temperature of 250 7C. Helium was used as the carrier gas at a split ratio of 1 : 30.
In both situations, aliquots of 0.5 ml were automatically injected into the chromatograph. The carrier gas flew at 2 ml/min, and the gases required by the FID were supplied at pressures of 90 kPa (H 2 ) and 110 kPa (air). Integration was done using Omega software (PE Nelson, Norwalk, Pa., USA), taking as reference the peak areas corresponding to the aforementioned internal standards. Analyses were carried out in triplicate, and their average was used as a single data point in the Results and discussion section.
Statistical analyses
Analysis of variance. The effects of the technological parameters were assessed via analysis of variance (ANOVA), using time of fermentation and fraction of distillate (cabeças, coração, and caudas) as independent variables, with the aid of Statview software (Abacus Concepts, Berkeley, Calif., USA). All possible pairwise comparisons were done using a multiple t-statistic (Fisher's protected least significance difference test). Previous diagnostics of residuals have indicated that a constant variance and an independent and normal distribution of experimental errors existed, and so statistical validity of the aforementioned ANOVA methodology was ensured.
Principal components analysis. Attempts to reduce the number of independent dimensions in the sample space generated in our experimental program were done by principal components analysis (PCA), aiming at simplification of the approach without loss of relevant information, and at improvement of the associated understanding via identification of new, uncorrelated variables [6] . The STAT-ITCF software (Bordeaux, France), used for calculation of principal components, was applied to the multivariate data pertaining to all samples corresponding to different fractions of distillate, times of fermentation, and grape varieties, and eventually led to definition of linear combinations of variables that could account for most of the variation among the samples.
Results and discussion
Compositional data
Typical chromatograms of the samples analyzed are included in Figs. 1 and 2 . The results obtained from quantification of the peaks in the chromatograms pertaining to the evolution with storage time of the concentrations of major volatile components in the three distillate frac- Fig. 1 Typical gas chromatogram obtained after direct injection of coração of a bagaceira from Loureiro. 1 ethanal; 2 ethyl acetate; 3 1,1-diethoxyethane; 4 methanol; 5 ethanol; 6 2-butanol; 7 1-propanol; 8 2-methyl-l-propanol; 9 1-propenol; 10 1-butanol; 11 4-methyl-2-pentanol (internal standard); 12 2-methyl-1-butanol; 13 3-methyl-1-butanol; 14 ethyl 2-hydroxypropanoate; 15 hexanol tions are depicted in Tables 1 and 2 for Alvarinho and Loureiro grape varieties, respectively. The experimental data were grouped according to the main chemical classes of compounds identified (alcohols, esters, acids, and carbonyl compounds) and their relative abundance within each main class; alcohols were subgrouped as fermentative and non-fermentative (methanol, hexanol, and hexenols); acids were subgrouped in free fatty acids and volatile fatty acids (2-methylpropanoic and 3-methylbutanoic acids); and esters were subgrouped as those arising from the so-called organic acids (diethyl butanoate and ethyl 2-hydroxypropanoate) and acetates.
The levels of higher alcohols are influenced by several processing factors, namely grape variety, winemaking protocol, fermentation time and temperature, and distillation technique. The group of aliphatic alcohols (1-propanol, 2-methyl-1-propanol, 2-methyl-1-butanol, and 3-methyl-1-butanol) and aromatic alcohols (especially 2-phenylethanol) are quantitatively the largest group of flavor compounds. In the samples analyzed, their ranges are 358.07-1896.9 and 629.54-3048.5 mg/l for Alvarinho and Loureiro, respectively. Higher alcohols are contributed by the slightly fermented grapes themselves or are formed as a result of microbial action during anaerobic fermentation of the grape pomace; owing to their high volatilities, these compounds are concentrated in the first fraction of distillate (head fraction), where they are responsible for the strong and pungent smell and taste.
Free fatty acids are mainly produced via yeast metabolism of carbohydrates. Second to acetic acid, the most abundant acids in bagaceiras are hexanoic acid (up to 24 mg/l), decanoic acid (up to 23 mg/l), octanoic acid (up to 8 mg/l), and dodecanoic acid (up to 3 mg/l). Ranges for the sum of the concentrations of all free fatty acids were 5.7154-25.500 and 3.5410-18.600 mg/l for Alvarinho and Loureiro, respectively.
Fatty acid esters are qualitatively the largest group of aroma components. Although a particular key aroma can rarely be associated with a specific ester, they account collectively for an overall pleasant smell. Ethyl acetate, methyl acetate, and ethyl 2-hydroxypropanoate are the most abundant esters present in bagaceiras, with ranges of 186.84-2085.8, 0.00000-95.680, and 167.51-369.12 mg/l, respectively, for Alvarinho, and of 135.26-7684.4, 14.258-714.44, and 149.21-663.49 mg/l, respectively, for Loureiro. The ranges for the sum of the fatty acid ethyl ester contents for Alvarinho and Loureiro found were 3.2813-29.243 and 7.0095-44.112 mg/l, respectively.
Aldehydes are found in bagaceiras as a result of spontaneous, or microbially mediated, oxidation. More than 90% of the total aldehyde content is accounted for by ethanal and its diethyl acetal, 1,1-diethoxyethane; the contents of ethanal were in the ranges of 11.698-277.55 and 147.01-604.42 mg/l, whereas those of 1,1-diethoxyethane were in the ranges of 0.00000-142.81 and 25.653-895.89 mg/l, for Alvarinho and Loureiro varieties, respectively.
For Loureiro, the ethyl acetate, methyl acetate, ethyl hexanoate, octanoate, decanoate, and dodecanoate are distilled first, and are accordingly considered as head products. On the other hand, ethyl 2-hydroxypropa- noate is found in both the heart and tail fractions. The results obtained for Alvarinho are not, however, in agreement with the above results, especially concerning ethyl 2-hydroxypropanoate; this component is at times present only as a tail product, or alternatively as a heart product, or even as a head product. Although, in principle, it would be expected that a given component should be classified either as a head, a heart, or a tail product irrespective of grape variety, different patterns of heating during distillation, heterogeneity of the grape pomace, and the variable proportions of water added to the grape pomace immediately before distillation might account partially for a hybrid behavior.
The contents in terms of such specific volatiles as methanol and 2-butanol should be carefully and independently considered since their concentrations may provide an objective criterion for a definition of cuts between head, heart, and tail fractions. This is especially important because of toxicity (depending on the overall amount ingested and actual ratio to ethanol content, methanol may lead to blindness) and strong perception (the presence of 2-butanol is deleterious to quality because of its associated off-flavor). Methanol is formed by enzymes that split the methoxyl group from the pectin present in crushed grapes; the rate of degradation of pectins increases with the extent of maceration of the pomace and the total concentration of pectinases, whereas the concentration of methanol in the final bagaceira increases as the splitting between cabeças and coração is made earlier. The methanol content ranges were 1989.4-5486.5 and 9901.3-15407 mg/l for Alvarinho and Loureiro, respectively. There is a general consensus that 2-butanol originates from bacterial action, probably via metabolic routes starting upon 2,3-butanediol. In the cases where its value was above the analytical detection threshold, the contents were in the range of 0.00000-64.493 and 19.593-350.89 mg/l for Alvarinho and Loureiro, respectively.
In conclusion, it can be stated that the main differences between the various fractions of distillates are accounted for by the content of diethyl butanoate, ethyl 2-hydroxypropanoate, and the sum of the isoacids in the case of Loureiro, and diethyl butanoate and the sum of the carboxylic acids in the case of Alvarinho.
ANOVA data
The results of the ANOVA are depicted in Tables 3  and 4 , whereas the results of Fisher's protected least significant difference tests after adequate pairing of the data are depicted in Tables 5 and 6 for Alvarinho and Loureiro varieties, respectively.
Inspection of Tables 3 and 4 indicates that both the manipulated variables time of fermentation (t) and fraction of distillate (f) had, in general, statistically significant effects on the chemical composition of distillates from Alvarinho and Loureiro at the 5% level of F ratio, ratio of mean sum of squares; P value, probability that such a high value of the F ratio arises from pure chance; t fermentation time, f fraction of distillate; tpf interaction between t and f F ratio, ratio of mean sum of square; P value, probability that such a high value of the F ratio arises from pure chance; t fermentation time; f fraction of distillate; tpf interaction between t and f significance. As a rule, the effect of t is statistically significant at a higher level of significance than that of f, whereas, as expected, the interaction tpf is responsible only for a minor effect. Inspection of Tables 5 and 6 shows that, depending on the group of volatiles considered, the effect of fermentation time period (consecutive or alternated) may or may not be statistically significant at the 5% level. In terms of the effect of the distillation cut, there is no statistical difference between the composition of any fraction in terms of the sum of the concentrations of 3-methylbutanoic and 2-methylpropanoic acids (Loureiro), while for Alvarinho the same is observed in terms of the sum of the concentrations of the acetates. In general, depending on its intrinsic volatility, the effect of the distillation cut upon the concentration of a given compound may or may not be statistically significant, e.g., ethanal is typically a head product (owing to its high volatility, it is mostly recovered in the first fraction of distillate) and this fact could explain the absence of a statistical difference between the heart and tail fractions in terms of the concentration of this component.
PCA data
The results of the PCA are depicted in Figs. 3 and 4 for the measured variables (composition of 15 volatiles) Inspection of these figures indicates that the percentage of variance explained by the first two principal components is 95.9% and 98.9% for Loureiro and Alvarinho, respectively; in these cases, the third principal component explains as little as 3% and 1%, respectively, of the total variance, and no significant correlations exist between this axis and any of the variables. For Loureiro, the sums of the concentrations of alcohols, of esters, of acetates, of hexenols, and of isoacids, as well as the individual concentrations of methyl acetate, ethyl acetate, and ethanal, are positively correlated with the first principal component, whereas the individual concentrations of ethyl 2-hydroxypropanoate, diethyl butanoate, and 2-phenylethanol are negatively correlated with this axis. For Alvarinho, all variables are correlated with the first principal component, except for the individual concentrations of diethyl butanoate and 2-phenylethanol, and the sum of the concentrations of hexenols, which are correlated with the second principal component. It is interesting to note that, for Loureiro, the fractions of cabeças, coração, and caudas are associated in clusters that are well defined and move in the negative direction of the first principal component in this order, whereas increasing the time of fermentation makes the clusters move upwards in the direction of the second principal component. For Alvarinho, there is a clear difference between cabeças and the other fractions, although the coração and caudas fractions are intermixed with respect to time of fermentation upon increase; this latter variable makes the clusters move in the upward direction of the second principal component, especially in the case of the caudas fraction.
